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Cell-Shape Regulation of Smooth Muscle Cell Proliferation
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ABSTRACT Vascular smooth muscle cells (SMCs) play an important role in vascular remodeling. Heterogeneity and pheno-
typic changes in SMCs are usually accompanied by a morphological difference, i.e., elongated/spindle-like versus spread-out or
epithelioid/rhomboid cell shapes. However, it is not known whether the cell shape directly regulates SMC proliferation, and what
the underlying mechanisms are. In this study, microgrooves and micropatterned matrix islands were used to engineer the cell
shape and investigate the associated biophysical and biological mechanisms. Compared to spread-out SMCs on nonpatterned
surfaces, SMCs on micropatterned surfaces demonstrated elongated morphology, significantly lower cell and nucleus shape
indexes, less spreading, a lower proliferation rate, and a similar response (but to a lesser extent) to platelet-derived growth factor,
transforming growth factor-b, and mechanical stretching. DNA microarray profiling revealed a lower expression of neuron-
derived orphan receptor-1 (NOR-1) in elongated SMCs. Knocking down NOR-1 suppressed DNA synthesis in SMCs, suggesting
that NOR-1 is a mediator of cell elongation effects. Regulation of DNA synthesis in SMCs by the cell shape alone and a decrease
in DNA synthesis in the case of small cell spreading area were achieved by micropatterning SMCs on matrix islands of different
shapes and spreading areas. Changes in the cell shape also affected the nucleus shape, whereas variations in the cell spreading
area modulated the nucleus volume, indicating a possible link between nucleus morphology (both shape and volume) and DNA
synthesis. The findings of this investigation provide insight into cell shape effects on cell structure and proliferation, and have
direct implications for vascular pathophysiology.
INTRODUCTION

It is well known that vascular smooth muscle cells (SMCs)

play an important role in vascular remodeling and disease

development. In atherosclerotic lesions, SMCs migrate from

the vascular wall into the lumen, demonstrating a phenotypic

change from contractile to proliferative. It has been reported

that in vitro isolation of SMCs from three-dimensional (3D)

extracellular matrix (ECM), where the cells exhibit elongated,

spindle-shape morphology, and subculture in culture dishes

promotes a spread-out morphology and proliferative pheno-

type (1–3). Distinct SMC populations with different cell

shapes (spindle or epithelioid/rhomboid) and phenotypes

(differentiated or proliferative) have also been isolated from

arteries (4). However, it is not known whether the cell shape

directly affects SMC proliferation. In this study, in vitro

culture systems were used to examine the effects of SMC

morphology on SMC proliferation.

Micropatterning technology offers powerful tools to

manipulate the microenvironment for cell growth, migration,

and differentiation (5,6). Recent studies have shown that

micropatterned matrix strips and microgrooves restrict

SMC spreading in one direction, resulting in a more elon-

gated SMC morphology and lower proliferation rate (7–9).

However, the underlying mechanisms require further inves-

tigation. Although the micropatterning methods used in these

studies provide an effective means of manipulating the SMC
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morphology for biochemical and biological analyses,

changes in the SMC morphology are usually accompanied

by changes in the spreading area. The cell spreading area

has been observed to regulate cell proliferation in many

cell types (10–13). To distinguish the effects of the cell shape

and spreading area, micropatterned islands of well-defined

shape and area were used in this study to evaluate cell shape

effects on SMC proliferation.

Soluble chemical factors in the vascular system are impor-

tant modulators of SMC functions. Platelet-derived growth

factor (PDGF) and transforming growth factor-b (TGF-b)

are two important growth factors that regulate SMC prolifer-

ation and differentiation. PDGF is a known mitogen of

SMCs that yields the synthetic or proliferative phenotype,

whereas TGF-b induces the differentiated phenotype of

SMCs and upregulates the SMC markers (1,14). In addition

to soluble factors, SMCs in artery walls are constantly sub-

jected to cyclic mechanical stretching due to the pulsatile

nature of the blood flow. Accumulating evidence indicates

that mechanical strain regulates the vascular SMC pheno-

type, functions, and matrix remodeling (15). However, the

effects of changes in the SMC morphology on the cell

response to these growth factors and mechanical stretching

are not known.

In this investigation, micropatterning techniques were

used to engineer the shape of SMCs to study the effects of

changes in the cell shape on DNA synthesis in SMCs in

the absence and presence of growth factors and mechanical

strain. Gene expression and gene knockdown analyses
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revealed that the neuron-derived orphan receptor-1 (NOR-1)

is a mediator of the cell elongation effect on SMC prolifera-

tion. Through precise control of the cell shape and spreading

area, the decrease in the cell shape index (CSI) alone was

found to correlate with the decrease in SMC proliferation.

A relationship was obtained between the cell shape and

spreading area and the nucleus shape and volume. The

results illustrate significant cell shape effects on SMC struc-

ture and proliferation, and have important implications for

vascular pathophysiology.

MATERIALS AND METHODS

Cell micropatterning by microgrooves
and microstamps

Chemicals were purchased from Sigma-Aldrich (St. Louis, MO), Polyscien-

ces (Warrington, PA), and Pierce Biotechnology (Rockford, IL) unless other-

wise specified. Micropatterned poly(dimethylsiloxane) (PDMS) membranes

and microstamps were fabricated using soft-lithography techniques with

minor modifications (7). To fabricate molds with microgrooves (see Fig. S1

in the Supporting Material), an ~2.8-mm-thick layer of I-Line positive photo-

resist (PR; OCG OiR 897-10i) was deposited on primed single-crystal Si

wafers by spin coating. Microgrooves were patterned on the PR-coated wafers

by exposure to UV light through a photomask with 10-mm-wide strips. The

PR was developed to form a mold with a micropattern. To construct elastic

membranes with microgrooves, PDMS was poured onto a Si wafer with the

micropatterned mold, which was then spun to form a 250-mm-thick PDMS

membrane. After curing, the micropatterned PDMS membrane was peeled

off from the mold. Nonpatterned PDMS membranes were fabricated by the

same method, except that the Si molds were blank Si wafers. Before the

PDMS membranes were coated with 2% bovine gelatin (Sigma-Aldrich)

under exposure to UV light, the surface hydrophilicity was increased by

means of an oxygen plasma treatment. Subsequently, the cells were seeded

in culture media on both micropatterned and nonpatterned surfaces.

A 2.8-mm-thick layer of PR and a patterned array of holes with a designed

shape were used to fabricate microstamps (Fig. S2). This microstamping

process was used to fabricate PDMS stamps with posts of the desired shape.

To obtain nonfouling surfaces for microstamping of matrix proteins, an

ultrathin poly(acrylic acid-co-ethylene glycol) p(AA-co-EG) coating was

formed on aminosilane slides, followed by covalent immobilization of

di-amino-polyethylene glycol (PEG) molecules. PEG 1000 monomethyl

ether (0.02 g/mL; Polysciences), N,N-methylene bisacrylamide (0.01 g/mL;

(Polysciences), photoinitiator [3-(3,4-dimethyl-9-oxo-9H-thioxanthen-

2-yloxy)-2-hydroxypropyl]trimethylammonium chloride (0.01 g/mL; Sigma-

Aldrich) and acrylic acid (0.1 mL/mL; Polysciences) were dissolved in

a 1:1 mixture of isopropyl alcohol (Sigma-Aldrich) and distilled, deionized

water (ddH2O). Aminosilane slides (Sigma-Aldrich) were coated with the

solution (200 mL/slide), incubated in the dark for 6 min, and then UV-treated

for 2.5 min using a UVB40 UV transilluminator (Ultra-Lum, Claremont, CA).

The slides were then thoroughly washed to remove unreacted monomers. The

p(AA-co-EG) slides were then incubated with di-amino-PEG (0.15 g/mL;

Sigma-Aldrich), [1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydro-

chloride] (0.06 g/mL; Pierce), and N-hydroxysulfosuccinimide (0.02 g/mL;

Pierce) dissolved in 0.5 M 2-morpholinoethanesulfonic acid (MES) buffer

(pH 7.2; Pierce) for 1 h (0.3 mL/slide).

PDMS stamps were inked with fibronectin (0.33 mg/mL ddH2O) for

30 min while the di-amino-PEG slides were simultaneously incubated in

the dark with a heterobifunctional cross-linker N-sulfosuccinimidyl-6-[40-
azido-20-nitrophenylamino] hexanoate) (sulfo-SANPAH) (1 mg/mL in

HEPES buffer, pH 7.5, 0.5 mL per slide). The stamps and slides were washed

with ddH2O, dried, and placed in contact with each other for 30 min. The

PDMS stamps were then peeled off from the slides. Fibronectin was cross-
Biophysical Journal 96(8) 3423–3432
linked to the surface by UV activation of the sulfo-SANPAH nitrophenyl

azide groups and the incubation in the phosphate-buffered saline (PBS) for

15 min. Finally, the unreacted sulfo-SANPAH molecules were quenched

by immersing the slides in 10% glycine in PBS solution. An alternative

method for single-cell micropatterning was achieved by combining the graft-

ing of nonfouling PEG-like films and surface chemical patterning with

a shadow mask. Details of this surface chemical micropatterning process

can be found elsewhere (16).

Cell culture and treatment

Human aortic SMCs (Cascade, Portland, OR) were cultured in Dulbecco’s

modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine

serum (FBS) and 1% penicillin/streptomycin (PS), all obtained from

Gibco-BRL (Grand Island, NY). Cell cultures were maintained in a humidi-

fied 95% air/5% CO2 incubator at 37�C. SMCs between passages 6 and 20

were used in the experiments. These cells expressed low levels of SMC

contractile markers and had a proliferative phenotype. SMCs were seeded

at ~60% confluency (unless otherwise specified) and cultured on micropat-

terned and nonpatterned surfaces in DMEM supplemented with 1% FBS and

1% PS. For growth factor treatment, 10 ng/mL PDGF (Cell Signaling,

Beverly, MA) or 10 ng/mL TGF-b (Sigma-Aldrich) was added to the culture

medium. The concentration of the growth factors was selected based on

information obtained from earlier studies. The mechanical device used to

subject the PDMS membranes to uniaxial cyclic stretching was described

previously (17). SMCs were seeded on PDMS membranes (with or without

pattern) for 24 h and either kept as static controls or subjected to cyclic

uniaxial mechanical stretching (1 Hz, 5% strain) for 24 h before performing

a proliferation analysis.

Immunostaining, microscopy, and morphological
analysis

Immunostaining and microscopy were performed as described previously

(7). Briefly, cells were fixed with 4% paraformaldehyde, permeabilized

with 0.5% Triton X-100, and blocked with 1% bovine serum albumin

(BSA). For cytoskeletal staining, samples were incubated in fluorescein iso-

thiocyanate (FITC) or rhodamine-conjugated phalloidin for 30 min to stain

all filamentous actin (F-actin). Nucleus staining was achieved with ToPro or

DAPI dye (Molecular Probes, Eugene, OR). Fluorescence images were

collected by a Leica TCL SL (Leica, Bannockburn, IL) confocal microscope

system (40� objective) or a Zeiss LSM (Carl-Zeiss Microimaging, Thorn-

wood, NY) confocal microscope (100� objective). Multiple Z-section

images (~0.3–0.4 mm thick sections) were obtained for each specimen. All

of the images of a given group were collected using the same hardware

and software settings. For 3D analysis, serial pictures of the nucleus were

reconstructed into a 3D structure using the software Imaris (Bitplane,

St. Paul, MN), which was then used to calculate the nucleus volume. For

two-dimensional (2D) analysis, the optical sections were projected onto

a single plane to construct an overall image of the specimen. The CSI and

the nucleus shape index (NSI) were calculated from the 2D images of the

cells. The cell boundaries were outlined with IMAGE software (Scion, Fre-

drick, MD). The spreading area (i.e., cell projected area) and the perimeter

of the cell were measured, and the CSI was calculated from the relationship

CSI¼ 4p $ area/(perimeter)2. The CSI assumes values between one (circular

shape) and zero (elongated, linear morphology). A similar relationship was

used to calculate the NSI in terms of the measured nucleus projection area

and nucleus perimeter.

Cell proliferation analysis

SMCs seeded on different surfaces and cultured for 24 h were incubated for

2 h with 10 mM 5-bromo-20-deoxyuridine (BrdU; Sigma-Aldrich). Then the

samples were fixed with 4% paraformaldehyde, permeabilized with 0.5%

Triton X-100, and incubated for 30 min in 2N HCl at 37�C. Subsequently,
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the samples were washed and incubated for 30 min in a buffer containing

PBS, 0.05% Tween 20, and 1 mg/mL BSA to minimize background adsorp-

tion of antibodies. The samples were incubated overnight at 4�C with the

primary antibodies against BrdU (PharMingen, San Diego, CA) and an

FITC-anti-mouse antibody. After washing with PBS, the stained samples

were counterstained with Hoechst nuclear dye (Sigma-Aldrich) for 5 min,

mounted in VectaShield (Vector Laboratories, Burlingame, CA), and

observed with a confocal microscope. The percentage of SMCs that incorpo-

rated BrdU (i.e., the cells with DNA synthesis) was correlated to the prolif-

eration rate of SMCs.

Immunoblotting analysis

Immunoblotting analysis was performed with antibodies NOR-1, a-actin, and

tubulin as described previously (17,18). The NOR-1 and tubulin antibodies

were obtained from Santa Cruz Biotechnology (Santa Cruz, CA), and the

a-actin was obtained from Sigma-Aldrich. Briefly, cells were lysed in a lysis

buffer containing 25 mM Tris, pH 7.4, 0.5 M NaCl, 1% Triton X-100, 0.1%

sodium dodecyl sulfate (SDS), 1 mM phenylmethylsulphonyl fluoride

(PMSF), 10 mg/mL leupeptin, and 1 mM Na3VO4. Protein lysates were centri-

fuged, and the supernatant was removed and quantified using DC Protein

Assay (Bio-Rad Laboratories, Hercules, CA). Protein samples were run in

SDS polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to

nitrocellulose membranes. Membranes were blocked with 3% nonfat milk

and incubated with the primary antibody diluted in TBS-T buffer containing

25 mM Tris-HCl, pH 7.4, 60 mM NaCl, and 0.05% Tween 20. This was fol-

lowed by incubation with either HRP-conjugated anti-mouse or anti-rabbit

IgG secondary antibody (Santa Cruz Biotechnologies) as appropriate. Protein

bands were visualized using the ECL detection system (Amersham Biosci-

ences, Piscataway, NJ).

RNA isolation, DNA microarray analysis, and
quantitative reverse transcription-polymerase
chain reaction

Gene expression analysis was performed as described previously (17,19).

Cells were lysed with RNA STAT-60 reagent (Tel-Test, Friendswood,

TX). RNA was extracted with the use of chloroform and phenol extractions,

and precipitated with isopropanol. The resulting RNA pellet was washed with

75% ethanol. For microarray analysis, the RNA pellet was resuspended in

12 mL diethyl pyrocarbonate-treated H2O and analyzed with a UV spectro-

photometer to confirm a purity of A260/A280 R 1.80. The RNA concentration

was determined using the RiboGreen quantification assay (Molecular Probes,

Eugene, OR). An amount of 3 mg of RNA from each sample was used in the

DNA microarray experiments performed with a high-throughput array (HTA)

system (Affymetrix, Santa Clara, CA). Human U133A2.0 chips with 22,944

probe-sets were used in this study. Data management and statistical analysis

were performed with GeneTraffic Microarray Data Management and Anal-

ysis software (Stratagene, La Jolla, CA). The ratios of gene expression

between micropatterned and nonpatterned control samples were calculated.

For quantitative reverse transcription-polymerase chain reaction (qRT-

PCR), cDNA was synthesized by a two-step reverse-transcription with the

ThermoScript RT-PCR system (Invitrogen, San Diego, CA), followed by

qRT-PCR using SYBR-green reagent and the ABI Prism 7000 Sequence

Detection System (Applied Biosystems, Foster City, CA). Primers for the

genes of interest were all designed using the ABI Prism Primer Express soft-

ware v.2.0 (Applied Biosystems). The gene expression levels were normal-

ized to 18 S levels from the same sample.

Knocking down NOR-1 gene expression

Short interference RNAs (siRNAs) were transfected into SMCs as described

elsewhere (18). The siRNAs for NOR-1 or negative control were obtained

from Dharmacon (Chicago, IL). Briefly, siRNAs (100 pmol/10 cm2 culture

area) were transfected into ~50–60% confluent SMCs using Lipofectamine
2000 reagent (Invitrogen) as recommended by the manufacturer. After 5-h

incubation with the mixture of siRNA and Lipofectamine 2000, complete

medium was added to the cells. The cells were cultured for 1–2 days before

use in the experiments. FITC-conjugated control siRNAs (Cell Signaling

Technology, Danvers, MA) were transfected into SMCs as siRNA transfec-

tion controls, which showed that siRNA transfection had >90% efficiency

in SMCs. The effects of siRNA knockdown were verified by qRT-PCR.

Statistical analysis

Mean and standard deviation (SD) values were calculated for each group

of data. Analysis of variance (ANOVA) was performed to detect whether a

significant difference existed between groups of different treatments, and

a multiple comparison procedure, the Holm t-test, was used to identify any

differences. Student’s t-test was used to analyze experimental groups with

two samples.

RESULTS

Proliferation rates of elongated cells

To manipulate the cell shape, soft lithography (Fig. S1) was

used to fabricate parallel microgrooves (10 mm in width and

2.8 mm in depth) on elastic PDMS membranes, as shown in

Fig. 1, A and B. Pilot studies suggested that a microgroove

width less than the SMC size (<20 mm) and a microgroove

depth of >2 mm were needed to effectively restrict cell

spreading in the direction perpendicular to the microgrooves.

SMCs on nonpatterned surfaces spread out, exhibiting fibro-

blastic morphology (Fig. 1 C). In contrast, SMCs on micro-

grooves demonstrated an elongated morphology (Fig. 1 D).

The cells and actin filaments aligned uniformly in the direction

of the grooves, mimicking the morphology and organization

of SMCs in arteries. Of interest, the elongated cell morphology

was accompanied by an elongated nucleus shape (Fig. 1 F).

To further compare the morphological differences of SMCs

cultured on nonpatterned and micropatterned surfaces, the

cell shape, nucleus shape, and cell spreading area were eval-

uated in a 60–70% confluent culture of SMCs (Fig. 2). The

10-mm-wide microgrooves resulted in significantly lower

CSI values (~0.25) compared to the nonpatterned surface

(~0.45) (Fig. 2 A). Forcing the cells to spread unidirectionally

also decreased the NSI from 0.87 (nonpatterned surface) to

0.75 (micropatterned surface) (Fig. 2 B), suggesting that the

change in the cell shape also affected significantly the nucleus

shape. In addition to the effects of micropatterning on the cell

and nucleus shapes, the SMC spreading area decreased by

~40%, from 1950 mm2 (nonpatterned surface) to 1150 mm2

(micropatterned surface) (Fig. 2 C). Therefore, in this culture

system, the elongated SMC morphology was characterized by

changes in both the shape and spreading area of the cells, and

in the nucleus shape.

To determine the effect of cell elongation on SMC prolifer-

ation, SMCs were cultured on micropatterned (10-mm-wide

grooves) and nonpatterned surfaces for 48 h in 1% serum

and then incubated with BrdU. The proliferation rate of

SMCs (indicated by the percentage of SMCs with BrdU incor-

poration) grown on the micropatterned PDMS surfaces was
Biophysical Journal 96(8) 3423–3432
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FIGURE 1 SEM images showing the effect of topo-

graphic micropatterning on SMCs on micropatterned and

nonpatterned PDMS membranes (24-h culture). (A)

Cross-sectional view of 10-mm-wide microgrooves. (B)

Top view of microgrooves. (C and D) Phalloidin staining

of actin stress fibers on (C) nonpatterned and (D) micropat-

terned surfaces (80–90% confluency). (E and F) ToPro

nuclear staining on (E) nonpatterned and (F) micropat-

terned surfaces. (C–F, scale bar ¼ 50 mm.)
found to be ~50% less than that of the SMCs cultured on the

nonpatterned PDMS surfaces (Fig. 2 D), suggesting that cell

elongation modulated the SMC proliferation rate.

Effects of growth factors and mechanical
stretching on cell proliferation

Since PDGF and TGF-b are known to have opposite effects

on SMC proliferation, SMCs cultured on nonpatterned and

micropatterned surfaces were treated with PDGF or TGF-b

for 24 h to examine the effects of these growth factors on

SMC proliferation. SMCs on micropatterned surfaces gener-

ally exhibited lower proliferation rates (Fig. S4 a). PDGF

significantly enhanced cell proliferation in both spread-out

and elongated SMCs, but the proliferation rate of the elon-

gated cells was still much lower in the presence of PDGF,

suggesting that elongated SMCs still responded to PDGF
Biophysical Journal 96(8) 3423–3432
but to a less extent. In contrast to PDGF, TGF-b significantly

suppressed cell proliferation in spread-out SMCs but had no

significant effect on the elongated SMCs, possibly because

of the already low proliferation rate of the SMCs cultured

on the micropatterned surface.

SMCs in native blood vessel walls possess an elongated

morphology; align in a circumferential direction, exhibiting

a well-organized structure (20–22); and experience cyclic

mechanical stretching mainly in the circumferential direc-

tion. Therefore, a cyclic (1 Hz) uniaxial strain of 5% was

applied to SMCs in the direction of their alignment on the

micropatterned and nonpatterned surfaces. Consistent with

previous studies (17,23), SMCs grown on the nonpatterned

surfaces aligned perpendicular to the direction of mechanical

stretching and were more elongated, whereas SMCs grown

on the micropatterned surfaces remained aligned in the

stretching direction parallel to the microgrooves (data not
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shown here). Mechanical stretching suppressed SMC prolif-

eration on both nonpatterned and micropatterned surfaces

(Fig. S4 b). However, under the stretching condition, differ-

ences in SMC proliferation between nonpatterned and micro-

patterned surfaces were statistically insignificant.

Regulation of gene expression by cell elongation

A DNA microarray analysis was performed to investigate the

effects of cell elongation on gene expression in SMCs. The

focus was on genes that experienced more than a twofold

change in expression after a 1-day culture of SMCs on micro-

patterned and nonpatterned surfaces. Only a small group

of genes demonstrated more than twofold changes (five

increased and two decreased, average of two experiments;

Table S1). Most of the genes, including SMC contractile

markers (a-actin, SM-22, calponin, and smooth muscle

myosin heavy chain) and related transcriptional factors (serum

response factor (SRF) and Kruppel-like factor 4 (KLF4))

did not exhibit more than a twofold change. Of interest, the

expression of NOR-1 (NR4A3) (24) and the nuclear receptor

DC

A B

FIGURE 2 Micropatterning effects on cell shape, nucleus shape, cell

spreading area, and cell proliferation rate. SMCs were cultured on nonpat-

terned and micropatterned (10-mm-wide grooves) surfaces (24-h culture,

unless otherwise specified). (A) CSI determined from fluorescent images

of SMCs (50 cells per group; Fig. S3). (B) NSI determined from nucleus

fluorescent staining images of SMCs (50 cells per group). (C) Spreading

area of SMCs (50 cells per group). (D) SMC proliferation. After a 48-h

culture, SMCs were incubated with BrdU for 2 h and then fixed and

double-stained for BrdU and nuclei. The percentage of BrdU-positive cells

(cells in S phase) was calculated using >500 cells per group. Bars represent

mean � SD. Data were extracted from at least three experiments. The

asterisk indicates the statistically significant difference (p < 0.05) between

specified groups.
subfamily 4 group A member 2 (NR4A2) in the SMCs cultured

on the micropatterned (10-mm-wide grooves) surfaces showed

more than a twofold decrease. The decrease in the gene and

protein expression of NOR-1 in the elongated SMCs is sup-

ported by the fact that NOR-1 is a transcription factor that

modulates SMC proliferation and plays a role in the accelera-

tion of atherosclerosis (25).

NOR-1 as a mediator of the cell elongation effect
on SMC proliferation

To verify the microarray data, qRT-PCR (Fig. 3 A) and

immunoblotting (Fig. 3 B) were performed to examine the

expression of NOR-1 and some SMC-related genes. The

experiments revealed lower mRNA and protein levels of

NOR-1 in elongated SMCs. However, the gene expression

of the SMC contractile markers (e.g., a-actin and SM-22)

and transcriptional factor KLF4 did not change significantly.

These data are consistent with the DNA microarray results.

A NOR-1 knockdown experiment with siRNA was per-

formed to determine whether the decrease in NOR-1 expres-

sion was sufficient to suppress SMC proliferation (Fig. 3 C).

It was observed that NOR-1 siRNA knocked down NOR-1

gene expression by 80% after 1 day. Two days after the

silencing of the NOR-1 gene, there was significantly less

SMC proliferation than in the negative control. These results

suggest that NOR-1 can mediate the cell elongation effect on

SMC proliferation.

Regulation of SMC proliferation by the cell shape
and spreading area

In view of the decrease of the CSI and the cell spreading area

on the micropatterned surfaces (Fig. 2), experiments were

carried out to further distinguish the effects of both the cell

shape and the cell spreading area on SMC proliferation.

Arrays of adhesion islands with different CSI values and

spreading areas were created by a microstamping method

(Fig. S2). Fig. 4 A shows a pictorial representation of CSI

and spreading area combinations designed based on the cell

morphological parameters shown in Fig. 2. The median

spreading area (~1500 mm2) of spread-out and elongated cells

(Fig. 2 C) was selected in these experiments. To examine the

cell shape effect, the spreading area was fixed at 1500 mm2 and

three circular or oval shapes were fabricated with CSI equal to

1.0, 0.45, and 0.30 (cases I, II, and IV, respectively; Fig. 5 A).

To study the effect of the cell spreading area, the CSI was set

at 0.45 and the spreading area was decreased to 1000 mm2

(case III; Fig. 5 A). Actin staining showed that SMCs attached

and conformed to microstamped adhesion islands (Fig. 4,

B–E). All of the SMCs on the oval islands demonstrated elon-

gated and bipolar shapes, except for the cells on the circular

adhesion islands.

Exemplified cells of circular and elongated shapes are

shown in Fig. 5, A and B. The actin filaments in the circular

SMCs preferentially lined up in the circumferential direction.
Biophysical Journal 96(8) 3423–3432
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FIGURE 3 Micropatterning effects on gene expression

and role of NOR-1 in SMC proliferation. (A) Gene expres-

sion quantified by qRT-PCR experiments (n ¼ 3, 24-h

culture). (B) Immunoblotting analysis of NOR-1, a-actin,

and tubulin expression (48-h culture). (C) NOR-1 knock-

down effect on NOR-1 expression and SMC proliferation

(>300 cells per group, three independent experiments,

48-h culture). Bars show mean� SD. The asterisk indicates

the statistically significant difference (p < 0.05) between

specified groups.
In contrast, actin filaments aligned in the direction of the long

axis in elongated SMCs. Similar to the effect of microgroove

patterning, changes in the nucleus shape were observed in the

elongated SMCs. A marked decrease in NSI was obtained with

the decrease of the CSI to 0.30 (Fig. 5 C), an indication of

a significant effect on the nucleus shape for this low CSI value.

The effect of decreasing the CSI from 1.0 to 0.45 on the

SMC proliferation was found to be secondary (Fig. 5 D).

However, decreasing the CSI from 0.45 to 0.30 yielded

a decrease in SMC proliferation by ~60%, similar to that

produced in the presence of microgrooves. Of interest,

decreasing the cell spreading area from 1500 to 1000 mm2

while keeping the CSI fixed at ~0.45 (cases II and III) did

not produce an effect on the SMC proliferation rate. These

results clearly demonstrate that the cell shape was responsible

for the lower SMC proliferation rate when the spreading area

was maintained constant (or within a range in which cell

spreading was sufficient) and that SMC proliferation was

sensitive to the decrease of the CSI below 0.45. Although

the change in the spreading area from 1500 to 1000 mm2 did

not produce a significant effect on SMC proliferation, restrict-

ing cell spreading over a much smaller area (e.g., 500 or

300 mm2) resulted in a profound decrease in SMC prolifera-

tion (Fig. 6). These results reveal the existence of a threshold

for cell shape and spreading area effects on SMC proliferation.

Regulation of the nucleus shape and volume
by the cell shape and spreading area

It was postulated that the cell shape and spreading area modu-

late the nucleus morphology, affecting DNA synthesis and
Biophysical Journal 96(8) 3423–3432
SMC proliferation. Three cases of cell spreading area equal

to 1500 mm2 and different micropattern shapes, and three

cases of CSI z 0.45 and different spreading areas were exam-

ined to elucidate the dependence of the nucleus morphology

on the cell shape and spreading area and SMC proliferation

(Fig. 7 A). As evidenced from Fig. 7, A and B, the cells

conformed to the designed shape of the spreading area with

small deviations. Elongated cells (CSI z 0.30) exhibited

a more elongated nucleus with insignificant volume change;

however, the decrease in the spreading area did not signifi-

cantly affect the nucleus shape (Fig. 7 C), implying a greater

sensitivity of the change in nucleus shape on the cell shape

change. In contrast, the decrease in the cell spreading area

produced a significant decrease in the nucleus volume,

suggesting that the change of the nucleus volume is mostly

regulated by the cell spreading area. Since both the cell shape

and the cell spreading area regulate SMC proliferation, it is

likely that both the shape and the volume of the nucleus affect

DNA synthesis and, in turn, cell proliferation.

DISCUSSION

Microgrooves and micropatterned matrix islands were used to

engineer the cell shape and examine how the cell shape and

the cell spreading area regulate SMC proliferation. SMCs

on microgrooved surfaces showed elongated morphologies

and lower proliferation rates, and responded to PDGF to

a lesser extent relative to spread-out SMCs on nonpatterned

surfaces. These results have significant implications for

vascular biology and pathophysiology. For example, they
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FIGURE 4 Micropatterning effects on SMC shape. (A)

Schematic representation of CSI versus spreading area

combinations used in the experiments of this study. (B–E)

Phalloidin staining of actin stress fibers for cases I–IV,

respectively (24-h culture).
provide an explanation, at least in part, for the higher in vitro

proliferation rates of spread-out SMCs compared to in vivo

proliferation rates of elongated, spindle-shaped SMCs, and

also shed some light on why spindle SMCs exhibit a differen-

tiated phenotype whereas epithelioid/rhomboid SMCs are

more proliferative (4). It is also worth noting that cell elonga-

tion does not contribute significantly to other SMC pheno-

typic changes, such as contractile marker expression and

matrix synthesis.

DNA microarray and gene knocking-down analyses sug-

gested that NOR-1 is a mediator of cell elongation, affecting

SMC proliferation. NOR-1 has been identified as an early-

response gene in SMCs and has a wide range of effects on

SMCs, including advancing atherogenesis and modulating
SMC proliferation (25–27). Several factors implicated in

atherogenesis, such as PDGF, have been shown to upregu-

late NOR-1 in SMCs (25), which could explain why

PDGF can partially recover the proliferation of elongated

SMCs. However, it is not clear how SMC elongation regu-

lates NOR-1 expression. A recent study has shown that intra-

cellular signaling molecules, such as protein kinase C (PKC)

and extracellular-regulated protein kinase (ERK), can modu-

late NOR-1 expression (27). The study presented here shows

that phosphorylation of PKC but not ERK decreased in elon-

gated SMCs, suggesting the involvement of a PKC pathway

in the NOR-1 expression. Since microgrooves resulted in the

decrease of both CSI and cell spreading area, the decrease in

the NOR-1 expression cannot be attributed only to the effect
Biophysical Journal 96(8) 3423–3432



3430 Thakar et al.
C

A

B

D

FIGURE 5 Cell shape effects on SMC proliferation. (A) Actin (green) and

nuclear (red) staining in an SMC micropatterned in a circular shape (24-h

culture). (B) Actin (green) and nuclear (red) staining in an SMC micropat-

terned in a spindle-like shape (24-h culture). (C) NSI determined from

nuclear fluorescent staining images of SMCs cultured on nonpatterned and

micropatterned surfaces (>15 cells per group, 24-h culture). (D) BrdU incor-

poration for cases I–IV (24-h culture; Fig. 4 A). Bars represent mean � SD.

The asterisk indicates the statistically significant difference (p < 0.05)

compared to all other groups (>200 cells per group, three independent

experiments).
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of the cell shape change. Furthermore, the gene expression

changes in the elongated SMCs were not extensive, implying

that other mechanisms, such as posttranslational modifica-

tion of proteins, could be regulated by changes in the cell

shape and spreading area. These issues await further studies

in the near future.

One of the most important findings of this investigation is

that the cell shape directly regulates DNA synthesis and, in

turn, SMC proliferation. This was achieved by micropattern-

ing SMCs on matrix islands with different CSI values and the

same cell spreading area, hence establishing an effective

means of obtaining what to our knowledge is the first direct

evidence of cell shape effects on cell proliferation. Since

DNA synthesis decreased in the SMCs characterized by

a CSI of ~0.30 but not for ~0.45, a threshold of the cell shape

effect on proliferation may exist for CSI between 0.45 and

0.30. The results also revealed the existence of a threshold

of the cell spreading effect on proliferation. Although a depen-

dence of cell proliferation on the cell spreading area (varied

in the range of 0–3000 mm2) has been reported for endothelial

cells (12), the study presented here shows that SMC prolifer-

ation is independent of the variation of the cell spreading area

in the range of 1000–1500 mm2, and decreases when cell

= 

FIGURE 6 Cell spreading area effects on SMC proliferation (24-h culture).

SMCs were cultured on micropatterned matrix islands of the same shape

(CSI z 0.45) and different spreading area (i.e., 1500, 500, and 300 mm2),

and BrdU incorporation was subsequently analyzed (~50 cells per group, three

independent experiments). Bars represent mean� SD. The asterisk indicates

the statistically significant difference (p < 0.05) between specified groups.
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FIGURE 7 Cell shape and spreading

area effects on nucleus morphology

(24-h culture). SMCs of specific shape

and spreading area were subjected to

fluorescence staining for actin filaments

(green) and nucleus (blue). (A) Confocal

microscopy images of actin filaments

and 3D reconstruction of the nucleus

shape. (B) Calculated CSI and cell

spreading area (3–10 cells per group).

(C) Calculated NSI and nucleus volume

(3–10 cells per group). The asterisk indi-

cates the statistically significant differ-

ence (p < 0.05) between specified

groups or compared to all other groups.
spreading is confined within much smaller areas (e.g., 300 and

500 mm2). A plausible explanation for this behavior is that

SMC proliferation is not affected when there is sufficient

cell spreading (e.g., >1000 mm2) and decreases only when

spreading is restricted to significantly smaller areas (e.g.,

300–500 mm2). These differences in the spreading area depen-

dence between endothelial cells and SMCs may be related to

cell type differences.

Important insight into the threshold of shape and spreading

effects on SMC proliferation was obtained by analyzing the
nucleus morphology (shape and volume). The change in the

nucleus shape was found to be sensitive to the CSI decrease

to a low value (e.g., 0.30) and to changes in the cell shape,

but not to changes in the cell spreading area. The change in

the nucleus shape showed a good correlation with the

decrease in DNA synthesis for CSI z 0.30. This finding

suggests that the change in the nucleus shape mediates the

cell shape effect on DNA synthesis, and provides evidence

for the existence of a CSI threshold for the nucleus shape

effect. On the other hand, the change in the nucleus volume
Biophysical Journal 96(8) 3423–3432
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was sensitive to changes in the cell spreading area but not the

cell shape. A significant decrease in the nucleus volume was

encountered by confining cell spreading over small areas

(e.g., 300 and 500 mm2), indicating a good correlation with

the decrease in DNA synthesis in SMCs. These results

provide strong evidence that changes in the nucleus

morphology (either shape or volume) can modulate DNA

synthesis and, in turn, SMC proliferation. It was recently

shown that DNA synthesis in endothelial cells is affected by

the nucleus volume but not the cell shape (28). It is possible

that the change in cell shape in that study did not reach the

threshold that would trigger changes in nucleus shape and

DNA synthesis. Alternatively, this may be a cell-type-depen-

dent property. It is evident that more in-depth studies must be

performed to determine the relationship between changes in

nucleus morphology and DNA synthesis, and to fully eluci-

date the underlying mechanisms.
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Four figures and a table are available at http://www.biophysj.org/biophysj/

supplemental/S0006-3495(09)00488-3.
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